The existence of genes shared by mammalian sex chromosomes has been predicted on both evolutionary and functional grounds. However, the only experimental evidence for such genes in humans is the cell-surface antigen encoded by loci on the X and Y chromosomes (MIC2X and MIC2Y, respectively), which is recognized by the monoclonal antibody 12E7. Using the bacteriophage Xgtll expression system in Escherichia coi and immunoscreening techniques, we have isolated a cDNA clone whose primary product is recognized by 12E7. Southern blot analysis using somatic cell hybrids containing only the human X or Y chromosomes shows that the sequences reacting with the cDNA clone are localized to the sex chromosomes. In addition, the clone hybridizes to DNAs isolated from mouse cells that have been transfected with human DNA and selected for 12E7 expression on the fluorescence-activated cell sorter. We conclude that the cDNA clone encodes the 12E7 antigen, which is the primary product of the MIC2 loci. The clone was used to explore sequence homology between MIC2X and MIC2Y; these loci are closely related, ifnot identical.
The human sex chromosomes have been shown to share a pair of related genes defined by the monoclonal antibody 12E7. This antibody was raised against leukemic human cells (1) , reacts with a cell-surface antigen expressed on all human cells, and fails to react with the surface of rodent cells (2) . Human-rodent somatic cell hybrids, which retain the human X chromosome, express the 12E7 cell-surface antigen. This defines the MIC2X locus (3) . Similarly, somatic cell hybrids that retain the human Y chromosome also express the 12E7 antigen (4) and this defines the MIC2 Y locus. No autosomal locus is sufficient, or necessary, for 12E7 antigen expression in somatic cell hybrids. The MIC2X locus has been localized to Xp22.32-Xpter (4, 5) , the terminal region of the X chromosome short arm; the MIC2 Y locus has been assigned to Ypter-Yqll, the euchromatic region of the Y chromosome (4) . As might be predicted for an expressed X-linked gene with a Y-linked homologue, the MIC2X locus escapes Xinactivation, thus maintaining functional gene dosage for the MIC2 loci in males and females (6) . Two other genes, STS and Xg, map to the tip of the X chromosome short arm (7, 8) and escape X-inactivation (9, 10) ; however, Y-linked homologues of these genes have not been described in humans.
The level of expression of the 12E7 antigen on erythrocytes, but not on nucleated cells, is polymorphic (11) . In females, the polymorphism is controlled by the Xg blood group locus, and in males it is controlled by Xg and a Y-linked locus, Yg (11, 12) . The precise genetic and biochemical relationship between the MIC2 loci and the Xg and Yg loci has not been resolved.
The 12E7 antibody is a poor reagent for immunoprecipitation experiments; however, in immunoblot analysis it reacts strongly with a 32-kDa cell-surface molecule expressed on the surface of human but not mouse cells. The antibody also recognizes a 29-kDa cytoplasmic molecule found in both mouse and human cells. The cell-surface products of the human X and Y chromosomes cannot be distinguished by either size or charge (13 plaque-forming units (pfu) was amplified in E. coli Y1088, a laclq strain that represses transcription of the /3-galactosidase-cDNA fusion protein (28) . Antibody Screening of cDNA Library and Immunoblot Analysis. The amplified library was propagated in the E. coli strain Y1090 as described by Young and Davis (29) . After induction of the B3-galactosidase-cDNA fusion protein for 3.5 hr at 42TC, the nitrocellulose filters were oriented, and then blocked by incubation in phosphate-buffered saline (PBS) (pH 7.5) supplemented with 0.5% Tween 20 and 50 kallikrein units of aprotinin per ml (PBS/Tween) for 15 min at room temperature with gentle agitation (30) . The filters were incubated at room temperature overnight with antibody in heat-sealed plastic bags.
A mixture of two monoclonal antibodies, 12E7 (1) and RFB-1 (31), was used for the screening; both antibodies have been shown to recognize the products of the MIC2 loci by immunoblot analysis (ref. 13 ; unpublished results). The antibody source was hybridoma tissue culture supernatant that was concentrated 10-fold and then diluted 1:20 with PBS/Tween. After incubation, free antibody was removed by a 15-min wash in PBS/Tween. Bound antibody was detected by using horseradish peroxidase-conjugated rabbit anti-mouse IgG (purchased from Dako, Denmark) diluted 1:200 with PBS/Tween and incubated for 1 hr with the filters. The filters were washed 2 x 20 min in PBS/Tween and 1 x 10 min in PBS before color detection using 4-chloronaphthol (13, 30) . Immunoreactive bacteriophage were picked and purified through two additional rounds of screening. Subsequently, bacteriophage inserts were recloned into the EcoRI sites of either pEX2 (32) or pUC8 (33) . E. coli pop 2136 (a gift from K. Stanley, European Molecular Biology Laboratory, Heidelberg) was used for transformation of the pEX2 constructs.
For immunoblot analysis (34) , proteins from either cell line lysates or E. coli lysates were separated by electrophoresis through NaDodSO4/polyacrylamide gels and transferred onto nitrocellulose filters as described (13) . The filters were treated as described above for antibody screening. A monoclonal anti-p-galactosidase antibody was a gift from D. Lane (Imperial College, London). RFB1, a gift from M. Bodger (New Zealand), is a monoclonal antibody that recognizes the same antigens as 12E7.
Southern Analysis. Genomic DNAs (20 ug) were cleaved with restriction enzymes following the manufacturer's recommended conditions and fractionated through 0.8% agarose gels. The gels were denatured, neutralized, and transferred to nitrocellulose filters as described (24) . DNA as probe was labeled with [a-32P]dCTP by the method of random priming (35) and hybridized to the filters at 420C in 40% formamide/6% polyethylene glycol 6000. Filters were washed down to 15 mM NaCl/1.5 mM sodium citrate at 650C and exposed to XAR-5 film (Kodak) at -700C with an intensifying screen.
RESULTS
Analysis of the Products Encoded by the MIC2 Loci. The monoclonal antibody 12E7 reacts in a species-specific manner with a protein of 32.5-kDa that is expressed on human cells and on human-rodent somatic cell hybrids when the human X and/or Y chromosome is present. A smaller band is also recognized by the 12E7 antibody and is present in both human and mouse cell extracts (ref. 13 ; Fig.   1 ). Both polypeptides were detected in immunoblot analysis of primary, primary amplified, and secondary DNA transfectant cell lines (Fig. 1 ) that had been selected for 12E7 surface-antigen expression. In the amplified primary transfectant, the 32.5-kDa species-specific protein is amplified in expression, whereas the common band of 29-kDa protein remains at approximately the same level.
Screening of the cDNA Library. The poor reaction of the 12E7 antibody in immunoprecipitation (13) possible (27) . However, we could not detect a fusion protein in Coomassie blue-or silver-stained gels. After immunoblot analysis of these gels and probing with the 12E7 antibody, a single small band of 27-kDa was seen but no large fusion protein was detected. This polypeptide was not constitutively expressed and its production was IPTG inducible. Therefore, we concluded that there was breakdown of the fusion proteins; similar observations have been reported elsewhere (36) . This problem was circumvented by using another prokaryotic expression system-the pEX vectors (32) . These vectors contain a cro-lacZ gene fusion, which is under the control of the PR promoter of bacteriophage X. A polylinker sequence has been inserted into the 3' end of the lacZ gene in all three translational reading frames so any open reading frame DNA may be expressed as a fusion protein. Insert from XSG1 was cloned into the EcoRI site ofpEX2. The recombinant plasmid was introduced into E. coli pop 2136, amplified at 30'C, and then transient expression was induced at 42TC. A 130-kDa cro-o-galactosidase-cDNA fusion protein was detected after Coomassie staining of the gel. In immunoblot analysis the fusion protein reacted with both 12E7 and a monoclonal anti-p-galactosidase antibody. These results strongly suggest that the 12E7 antigenic determinant is entirely defined by a specific sequence of amino acids and is therefore part of a primary gene product (Fig. 2C ).
Chromosomal Localization of Sequences Reacting with the cDNA Probe. The insert from XSG1 was subcloned into the vector pUC8 (33) for easier manipulation and was called pSG1. This probe was hybridized to a panel of DNAs consisting of human-mouse hybrids containing the human X or Y chromosomes and human cell lines with various numbers of sex chromosomes (Fig. 3 ). pSG1 reacts with DNA from the human X and Y chromosomes. No autosomal sequences react with pSG1 (data not shown).
The observations that the pSG1 insert in pEX2 encodes a fusion polypeptide that reacts with the 12E7 antibody and that pSG1-related sequences are present on the X and Y indicates that pSG1 is a cDNA clone homologous to MIC2 sequences. This suggestion was confirmed by hybridization to DNA from the 12E7 expressing genomic DNA transfectants. Primary transfectants and independent secondary transfectants both react with pSG1 (Fig. 4) . DNA from the secondary transfectants fails to react with Alu repeat or total human DNA (data not shown), and thus the total amount of human DNA in these cells must be limited. In addition, amplification of 12E7 antigen expression in the transfectants is associated with amplification of the sequences defined by pSG1 (Fig. 4) . "., OP (37, 38) . Thus, the probability of finding by chance a sequence of interest in two independent secondary transfectants isolated by transfection from DNA of a primary transfectant line is 1 in 106. Finally, increased antigen expression in the primary transfectants is associated with an increased amount of the 32.5-kDa polypeptide and increased amounts of the sequences defined by the insert from bacteriophage XSG1.
Previous biochemical analysis had not detected a difference between the MIC2X and MIC2Y gene products (13) .
Evidence from restriction analysis leads us to conclude that the MIC2X and MIC2Y loci are closely related, if not identical. Restriction analysis of the genomic clones for MIC2X and MIC2 Y will allow us to investigate their relatedness over a greater distance. This is the first described probe for a Y-linked expressed gene and the first probe for an X-linked gene that escapes X inactivation. The existence of structural genes on both sex chromosomes makes a relationship between MIC2 and the minor histocompatibility antigen H-Y unlikely.
Although the human sex chromosomes differ extensively in morphology and genetic content (39), they are thought to have evolved from a homologous pair of chromosomes (40) . The sharing of genes by the sex chromosomes might reflect this common origin or might reflect a recent exchange of genetic material. It has been proposed that sex chromosomes share sequences to facilitate meiotic chromosomal pairing and that such sequences might be exchanged between the sex chromosomes by normal recombination (41, 42) . Such sequences have been termed pseudoautosomal, as they would not be expected to show sex linkage. The existence of pseudoautosomal genes has been supported by the finding that the Sts and abnormal Sxr regions are exchanged between the X and Y chromosomes in the mouse (43) (44) (45) .
Early studies suggested that the pairing, and consequently the homology, involved the distal third ofthe short arm of the human X chromosome and almost the entire Y chromosome short arm (46, 47) . More recently, experiments have shown that pairing varies extensively between spreads (48). Homology of single-copy DNA sequences between the X and Y chromosomes was first reported by Page et al. (49) for the marker DXYSI . However, in situ hybridization revealed that DXYSJ maps to the long arm of the X chromosome and to the short arm of the Y (50), outside the postulated pairing region. Other single-copy probes have been mapped to the human X and Y chromosomes, although again none has been shown to reside within the pairing region (51, 52) . The MIC2Xlocus has been mapped to Xp22.32-Xpter (4, 5) , and the MIC2 Y locus has been mapped to Yqll-Ypter (4), locations that include the postulated pairing regions. Using the cloned cDNA to isolate genomic clones we will be able to investigate the extent of homology surrounding the MIC2 loci and whether these loci are exchanged between the sex chromosomes by normal recombination.
